This paper presents a multifractal analsyis technique for deoxyribonucleic acid (DNA). A brief overview of sequencing and multifiactal measures is given along with multifi-acta1 spectrum data. Fractal characterization is shown to have high potential as a valuable tool in DNA analysis. Consideration is given to selecting the appropriate fractal measure, probability measure and operational parameters. A multifractal trajectory over a moving window is given for possible use in classification. The DNA sequences of Methanococcus janaschii and Escherichia Coli are shown to exhibit multifractal properties which vary significantly over trajectories calculated from each individual base type.
INTRODUCTION
In recent years, there has been an increasing interest in the study of genetic patterns. The availability of inexpensive, accurate sequencing technologies has caused an abundant amount of deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) information to become available. The DNA sequence is used by organisms to control the most fundamental life processes. By understanding and gaining insight into the patterns of the sequence, a greater knowledge of how organisms are specified will be gained.By compiling this infonnation, genetic diseases in humans may be identified and cures developed. Industrial applications regarding altering the genetic sequence of agriculture or medicinal products is another major goal.
DNA research has previously focused on searching for low level patterns directly visible within the sequence, while ignoring high level patterns. The multifi-acta1 analysis of DNA is intended to demonstrate that a higher level of pattern information may be availible within the DNA sequence.
BACKGROUND

I . DNA Sequencing
Every living organism has a set of cell structures related to DNA or RNA. The structures read the DNA in order to create proteins for each individual cell. An increase in the complexity and size of an organism usually indicates an increase in the amount of nucleic acid information. DNA signals consist of a string of four possible compounds, or bases: adenine(a), guanine(g), cytosine (c), and thymine (t). A sample of the DNA sequence for the archaeabacteria Methanococcus jannashii is given in Fig. 1 . Currently, the majority of research in this field focuses on this lowest level of pattem formation and identification. In order to search for higher level patterns, a new approach is needed which is able to examine patterns at various levels in the DNA. The application of fractals in DNA pattern analysis is justified because of the nature of the data. The base pairs are close to random sequences of patterns repeated with slight modifications. Computing the fractal dimension shows whether or not DNA can be considered as a fractal set.
Fractal Analysis
Multifiactal Dimension
In practice, it is more useful to consider a signal as a multifractal, i.e. consisting of more than one fractal. Consequently, a single fractal dimension cannot provide the complete information available in the signal. Using a multifractal measure, such as Renyi dimension, provides an increased comprehension of complexity within the set.
The 
MULTIFRACTALITY OF DNA
The calculation of the Renyi dimension for DNA sequences involves several decisions. Three issues are dealt with in this paper: calculation of probabilities, selection of scale sizes used in regression, and selection of window size.
Calculation of Probabilities
In many fractal dimension calculations, the most important quantities to determine are the necessary probabilities. Unfortunately, an invalid interpretation is sometimes difficult to detect. Since the nature of DNA sequences is significantly different from a discrete time sampled signal such as audio or video, the selection of a probability measure becomes difficult.
Instead of a real value existing at every sample, a symbol which can take one of four values is given. The approach implemented is to calculate the probabilities for each individual base separately. The result is a Renyi dimension description for each of the four bases. There are other possible interpretations for probability which are being explored, but for the remainder of this paper, the given definition of probability will be used.
Selection of Scales for Use in Regression
One technique of estimating the multifractal dimension is to create a log-log plot of y vs. x where j = 1 x = logr (2b) Estimating the slope of (2a) gives an estimate for the dimension. The log-log plot represents a linear visualization of the power law relationship exhibited in the calculation of fractal dimension. For all values of q , it is expected that there are outliers in both the low and high scales. It is important to recognize them and not include them in the calculation of the slope.
It is possible to visualize the log-log plot for the RCnyi dimension. In Fig. 2 , we can see that the data below a scale of four (or, equivalently, a vel size of 16) is saturated for q < 0 . These results can be explained by examining the calculation of the minimum probability.
In [Kins94], it has been determined that for q -+ --oo the fractal dimension is (3) It is highly probable that for vel sizes of less than 16 symbols, at least one vel in the calculation window will not contain any occurrences of a particular symbol. This results in a calculation of p,,, = 0 . For q + 00 the values are correct since it is guaranteed that at least one vel has a given symbol if the symbol appears at least once in the string.
For vel sizes which are too small, the calculation for q < 0 will not be valid since pmin is always zero. It appears that there are no outliers in the larger scales, which can be explained by the fact that the larger scales (vel size = 1024) are still orders o f magnitude smaller than the sequence size. As a result, there is no saturation in the calculation of probabilities for that scale.
The calculation of the slope using regression attempts to use as many of the available scales as possible. The automatic choice of scales to be included can be considered as a separate problem.
The visualization of D, after calculating the slope of the log-log plot at each value of q is shown in Fig. 3 the Renyi dimension, the selected size would ideally be near the minimum so that a sliding window algorithm with good resolution could be implemented. Another benefit would be an increase in speed for smaller analysis windows. For each analysis window, the Renyi dimension is calculated, and then the window is moved by a given offset ranging from 1 to the size of the DNA string. The procedure is repeated to give a multifractal trajectory over the entire genetic sequence. The overall multifi-acta1 trajectory consists of individual characteristics for each of the bases.
The computation of the multifi-acta1 trajectory for M. jannashii and E. Coli showed curves which varied significantly over the DNA sequences. A sample multifiactal trajectory of adenine over the DNA sequence is shown in Fig. 4 . This signal along with its counterpart bases could be considered as input to a classification algorithm. Due to the large amount of data, some feature extraction would be necessary to reduce the dimensionality of the data for classification using neural networks.
bilities in first 64 bases of M. jannashii.
CONCLUSIONS
Multifractal analysis was successfully and E. Coli. The examined DNA sequences exhibit multifi-acta1 characteristics when calculating the probability measure for each base individually. The DNA multifiactal trajectory for both M. jannashii and E.Coli varied significantly over each sequence.
